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We present an infrared magneto-optical study of the highly thermoelectric narrow-gap semicon-
ductor Bi2Se3. Far-infrared and mid-infrared (IR) reflectance and transmission measurements have
been performed in magnetic fields oriented both parallel and perpendicular to the trigonal c axis
of this layered material, and supplemented with UV-visible ellipsometry to obtain the optical con-
ductivity σ1(ω). With lowering of temperature we observe narrowing of the Drude conductivity
due to reduced quasiparticle scattering, as well as the increase in the absorption edge due to direct
electronic transitions. Magnetic fields H ‖ c dramatically renormalize and asymmetrically broaden
the strongest far-IR optical phonon, indicating interaction of the phonon with the continuum free-
carrier spectrum and significant magnetoelectric coupling. For the perpendicular field orientation,
electronic absorption is enhanced, and the plasma edge is slightly shifted to higher energies. In both
cases the direct transition energy is softened in magnetic field.
I. INTRODUCTION
Since the first synthesis of Bi2Se3 in the late 1950s,
1 a
rich body of theoretical and experimental work has grown
out of the effort to explain and exploit the large ther-
moelectric effect which the material exhibits.2 Recently
this compound was vaulted back into the forefront of the
condensed matter field after being named a prime can-
didate for the physical realization of topological surface
states.3 A topological insulator has an energy gap in the
bulk but, due to spin-orbit coupling, possesses one or
more robust metallic surface states which are protected
by time-reversal symmetry. The first three-dimensional
material to exhibit this behavior is the alloy BixSb1−x.4
Recent band structure calculations3 and experiments,5,6
however, indicate that Bi2Se3 and several related lay-
ered compounds exhibit a single Dirac cone on the Fermi
surface, a hallmark of a topological insulator. Beyond
the inherent importance of exploring a complex phase of
quantum matter, these systems are of great interest for
device applications involving quantum computing7 and
photonics,8 the latter due to nonlinear electron-phonon
interaction effects.
Here we present an infrared spectroscopic study of
Bi2Se3 in magnetic field. The original motivation for
this work was to search for signatures of the topolog-
ical insulator state, a proposal with twofold justifica-
tion. First, the topological nature of such a material
is theorized to be sensitive to the application of electric
and magnetic fields,9,10 and such a tuning of the surface
states may display a spectroscopic signature. Second, the
magnetic field allows the probing of band dispersion via
the cyclotron resonance. As mentioned above, a defin-
ing characteristic of the topological surface state is the
existence of an odd number of Dirac cones at the Fermi
surface,3 which in turn prescribes the presence of mass-
less Dirac fermions moving at the Fermi velocity. Such
quasiparticles can be detected by angle-resolved photoe-
mission spectroscopy,11,12 or alternatively by measure-
ment of the cyclotron resonance. In the latter, optical
or tunneling spectroscopy techniques measure transitions
between Landau levels in an applied magnetic field and
massless quasiparticles are distinguished from massive
ones by their square root, rather than linear, dependence
of transition energy upon magnetic field.13,14 Thus, in-
frared magnetospectroscopy is an ideal tool for probing
the topological insulator quantum state.
As we will show below, the doping of the sample under
investigation was found to place the Fermi surface away
from the Dirac cone, partially obscuring the observation
of topological surface states.15,16 However, the remark-
able field-induced effects uncovered by this study, includ-
ing broad transfer of spectral weight and strong magne-
toelectric coupling, demonstrate the intrinsic complexity
of the host material and motivate further investigation
of topological effects.
Bismuth selenide (Bi2Se3), a member of the V2VI3
group of materials (V= Bi, Sb, S; VI = Se, Te, S), crystal-
lizes in a rhombohedral structure (point group 3¯mD3d).
1
Five-atom layers, known as quintuple layers, are oriented
perpendicular to a trigonal c axis and the covalent bond-
ing within each quintuple layer is much stronger than
weak van der Waals forces bonding neighboring layers.
Due to selenium vacancies the material is easily n doped
over a wide range of carrier concentrations,17,18 but has
recently been p doped as well.19 Transport and optical
experiments1 have determined the semiconducting gap
to be approximately 0.25-0.35 eV, in good agreement
with theoretical calculations.3 Further studies have in-
vestigated the details of the interband transitions1,20 and
phonons,21 as well as characterized the doping trends
with the substitution of Te, Sb,22 As,23 Fe,24 Mn,25 and
other elements.
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2II. MAGNETO-OPTICAL EXPERIMENT
A. Sample information
Single crystals of Bi2Se3 were prepared by melting sto-
ichiometric alloys of high purity Bi2Se3 (99.999%) in a
vacuum-sealed quartz tube (with diameter 1/4 or 3/8
in.). Typically the vacuum of the tube is about 6 × 106
Torr. The sealed sample was heated to 850◦ C and then
cooled over a period of three days, from 850 to 650◦ C,
and annealed at that temperature for a week. The sam-
ple was then slowly cooled to room temperature. Sin-
gle crystals were obtained and could be easily cleaved
from the boule. Transport measurements at room tem-
perature determined a carrier density of 4 × 1018 cm−3
and resistivity of 1.04 mΩcm. Reflectance measurements
were performed upon a large single crystal of dimensions
3 mm x 4 mm x 2 mm thick. Transmission measurements
were performed upon a thin (approximately 40 µm) flake
cleaved from the same crystal.
B. Experimental description
Infrared reflectance and transmission measurements
were performed in a novel magneto-optical apparatus de-
veloped at UCSD (see Fig. 1). In this system a translator
actuates a helium-flow cryostat through the side port of
a split-coil superconducting magnet, yielding highly re-
peatable spectra in both the Faraday and Voight geome-
tries. This arrangement places the sample in the mag-
net outer vacuum chamber, which effectively provides a
cold trap and requires one less window than the tradi-
tional variable temperature insert configuration.26 Fur-
thermore, we can take advantage of in situ gold coating
because the sample is in vacuum. This latter procedure
permits the determination of absolute reflectance in mag-
netic field and corrects for any spurious effects due to
field-induced misalignment.27
Reflectance and transmission spectra were recorded at
selected temperatures from 6-295 K and magnetic fields
0-8 T, over the frequency range 30-6000 cm−1. For pho-
ton energies above the mid-infrared the reflectance data
were calculated from visible-UV ellipsometry up to 48
000 cm−1. Magnetoreflectance experiments were per-
formed by first measuring the sample reflectance rela-
tive to a reference mirror for all temperatures and mag-
netic fields of interest. Then the sample was coated in
situ with gold and the entire measurement was repeated.
The data were augmented with appropriate low- and
high-frequency extrapolations and transformed via the
Kramers-Kronig (KK) relations to obtain the frequency-
dependent optical constants, including the optical con-
ductivity σˆ(ω) = σ1(ω) + iσ2(ω) The ellipsometry tech-
nique provides a direct, model-independent measurement
of the high-frequency optical constants, and serves as a
constraint for extrapolations used in the KK calculation.
FIG. 1: Novel magneto-spectroscopic apparatus designed and
constructed at UCSD. A helium-flow crysostat with long cop-
per extension cools the sample, which resides in the magnet
outer vacuum chamber. A linear translator provides actua-
tion between sample and reference at the focus of incident
light inside the magnet. The sample may also be retracted to
the evaporator port where gold coating is performed in vac-
uum. This arrangement allows for fully-automated collection
of absolute reflectance data in magnetic field.
C. Transmission experiment
Transmission data for Bi2Se3 in zero magnetic field are
displayed in Fig. 2(a). The thin crystal is transparent
only within a narrow band in the mid-IR extending from
470-2000 cm−1 at room temperature. The low-frequency
absorption is indicative of free-carrier transport, while
the high-frequency cutoff identifies the energy of direct
allowed transitions from the valence band to the Fermi
level. The onset of this later process at ω = ωg overesti-
mates the energy E0 of the gap between the valence and
conduction band. The magnitude of E0 can be deter-
mined by measuring a series of samples with varying car-
rier concentration and thus varying Fermi energy.28 This
interpretation of the transmission data is supported by
R(ω) measurements and σˆ(ω) results. At lower tempera-
tures the low-frequency transmission onset becomes very
steep and the mid-IR absorption edge moves to higher
frequencies, partly due to a reduction in thermal level
broadening. At 6 K the gap edge lies at ωg = 2650 cm
−1
= 0.329 eV. Application of magnetic field perpendicular
to the trigonal c axis leads to a minor reduction in ωg.
As seen in the transmission ratios T (6 K, H)/T (6 K, 0
T) in Fig. 2(b), transmittance decreases with field on
both ends of the transmission window, particularly on
the high-frequency side. The inset to Fig. 2(b) records
the value of the direct transition energy at magnetic fields
up to 8 T; a total shift of 3 cm−1 is induced. Fields H ‖ c
initiate a more modest change in ωg.
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FIG. 2: (a) Infrared transmittance of Bi2Se3 for a range of
temperatures T = 6-295 K. Sharp oscillatory features are
Fabry-Perot interference fringes due to internal reflections in
the thin sample. (b) Transmission ratios T (6 K, H)/T (6 K, 0
T). Inset: suppression of direct allowed transition absorption
edge ωg by magnetic field H ⊥ c at T = 6 K.
D. Reflectance and optical conductivity in zero
magnetic field
Reflectance data for Bi2Se3 in zero magnetic field are
found in Fig. 3. At room temperature the spectrum is
dominated by a plasma edge in the far-IR, corroborating
the picture of free electron transport deduced from the
transmission.29 As seen in Fig. 3(a), the plasma edge
hardens upon cooling to 200 K, then moves to lower fre-
quencies and sharpens as the temperature is decreased
to 6 K. Phonon absorption features are observed near 61
cm−1 (α mode) and 133 cm−1 (β mode); both sharpen
considerably at lower temperatures. These features are
associated with relative transverse motion of charged Bi
and Se ions (modes of Eu symmetry)
21 and are displayed
in more detail in Fig. 4(a). In the mid-IR near ωB
= 2400 cm−1, a peak appears in the reflectance at low
temperatures [Fig. 3(b)]. This phenomenon, known as
the Burstein shift, marks the onset of direct, allowed
interband transitions.30 A comparison of this peak fre-
quency (ωB) with the energy for direct transitions deter-
mined from transmission (ωg) yields an agreement within
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FIG. 3: Infrared reflectivity of Bi2Se3 in zero magnetic field.
The far-IR spectra (a) are characterized by a free-carrier
plasma edge, as well as several phonon features. In the mid-
IR range at low temperatures a peak develops near the direct
transition energy. Inset: Reflectance over the extended fre-
quency range. Reflectance above 5 000 cm−1 was calculated
from ellipsometric data.
roughly 10% (see Fig. 5). Reflectance data for the ex-
tended frequency range are shown in the inset to Fig.
3(b).
Figure 6(a) displays the real part of the optical con-
ductivity σ1(ω), obtained by Kramers-Kronig transfor-
mation of the reflectance. The free-carrier response is
plainly visible as a Drude oscillator (Lorentzian centered
at zero frequency) which sharpens considerably with de-
creasing temperature. An oscillator fit reveals a col-
lapse in the quasiparticle scattering rate, which expe-
riences a threefold decrease, from 60 → 22 cm−1 at low
temperature.31 This sharpening uncovers a broad elec-
tronic mode (labeled here as γ) in the far-IR centered at
ωγ = 300 cm
−1. The phonons also sharpen [Fig. 4(c)],
as well as experience a shift of eigenfrequency: ωβ in-
creases by 5 cm−1, while ωα decreases by 2 cm−1. The
α mode, which has previously been identified as having
an oscillator strength much greater than theory would
predict,21 exhibits an asymmetric Fano lineshape, and
will be discussed in more detail in Sec. IIIB below. At
higher frequencies, the Burstein shift causes a significant
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FIG. 4: Infrared reflectance (top panels) and optical conduc-
tivity (bottom panels) for temperatures 6-295 K (left panels)
and magnetic fields parallel to the c axis (right panels). The
anomalously strong phonon is softened and asymmetrically
broadened in magnetic field H ‖ c. For H ⊥ c no softening or
broadening of this mode is observed.
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FIG. 5: Mid-IR absorption edge (ωg, from transmittance)
and Burstein peak (ωB , from reflectance) as a function of
temperature.
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FIG. 6: Optical conductivity σ1(ω) for Bi2Se3 in zero mag-
netic field (a), as well for magnetic fields applied parallel (b)
and perpendicular (c) to the trigonal c axis. Inset: Optical
conductivity over a wide frequency range.
transfer of spectral weight from a gapped region span-
ning 1000 < ω < 2500 cm−1 to a peak at 3000 cm−1.
The direct gap at 2500 cm−1 produces a relatively weak
feature in the conductivity. The largest feature in the
conductivity is the triplet of interband absorptions cen-
tered at ω = 16 000 cm−1. These interband features are
not the focus of this work, but are discussed in detail for
the related compound Bi2Te3 in Ref. 20.
E. Reflectance and optical conductivity in
magnetic field
The application of magnetic field H ‖ c initiates sev-
eral distinct effects in the infrared response. Looking first
at the reflectivity in Figs. 4(b) and 7(a), we see that the
absorption feature corresponding to the α phonon un-
dergoes both a shift to lower frequencies and a change
in lineshape. At the same time, the reflectance in the
plasma minimum is enhanced without changing the over-
all lineshape of the plasmon. The β mode is not modified
by H ‖ c, and no measurable change of reflectance oc-
curs in the mid-IR. The optical conductivity spectra in
field [Figs. 4(d) and 5(b)] exhibit an overall broadening
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FIG. 7: Infrared reflectivity of Bi2Se3 for magnetic fields
applied parallel (a) and perpendicular (b) to the trigo-
nal c axis. Also plotted (c) are the reflectance ratios
R(6K, H)/R(6K, 0T)
of the Drude peak and γ mode. The Drude broadening is
consistent with reports of positive magnetoresistance.22
The spectra also illustrate more clearly the shift of the α
phonon to lower frequencies and reveal that the mode is
being asymmetrically broadened.
For the other relevant magnetic field orientation, H ⊥
c, the changes in reflectance are much subtler. For this
reason we show in Fig. 7 not only the absolute re-
flectance [Fig. 7(b)], but also the magnetic field ratios
R(6 K, H)/R(6 K, 0 T) [Fig. 7(c)]. Viewing the ratios,
it is clear that two distinct changes are promoted by the
field: a reflectance dip at ω ≈ 390 cm−1 and a shift of
the plasma edge to higher frequency. The latter effect is
shown in more detail in the inset to Fig. 7(b), and con-
stitutes a total shift of ∆ωp ≈ 1.5 cm−1. If we turn to
σ1(ω), shown in Fig. 6(c), it is apparent that the lower-
frequency dip seen in R(ω) corresponds to an increase
in the oscillator strength of the electronic γ mode. This
is in contrast to H ‖ c, which only increased the width
of the γ mode. The α phonon mode experiences a minor
reduction in oscillator strength, but no shift in frequency.
III. ANALYSIS AND DISCUSSION
A. Integrated spectral weight
A comprehensive understanding of the evolution of the
optical conductivity with temperature and magnetic field
can be gained through examination of the integrated
spectral weight N(ω) =
∫ ω
0
dν σ1(ν). N(ω) quantifies
the oscillator strength of excitations occurring below fre-
quency ω, and is useful for assessing the energy scales
involved in electronic processes. Figure 8(a) illustrates
the zero-field transfer of spectral weight relative to the
value at room temperature spectra as N(ω, T )/N(ω, 295
K). At T = 200 K, the narrowing of the Drude mode is
accompanied by a modifcation of spectral weight over
the entire far-IR, until the room-temperature value is
reached near ω = 1000 cm−1. For T ≤ 200, the low-
frequency spectral weight is conserved below a scale of
approximately 3× 1τ , as evidenced by the convergence of
the curves at that energy. At T = 6 K the gap in σ1(ω)
results in a redistribution of N(ω) to energies exceeding
the band gap (2500 cm−1), until conservation of spectral
weight is reached near ω = 4000 cm−1.
In the presence of an applied magnetic field most
changes in spectral weight involve a reshuffling of weight
between the Drude, phonon, and γ modes. For H ‖ c
we observe in Fig. 8(b) a broadening of the Drude
peak which is fully contained within 250 cm−1. N(ω)
is equal for all magnetic field values from 250-350 cm−1,
above which N(ω, 8 T) increases slightly due to the
high-frequency broadening of the γ mode. This anoma-
lous spectral weight appears to have been transferred
from the higher-energy portion of the spectrum, orig-
inating from small changes in reflectance spread over
a broad mid-IR frequency range. This phenomenon is
known to occur in other materials, including the cuprate
superconductors.32,33 In fields oriented perpendicular to
the c axis [Fig. 8(c)], very little modification of the Drude
conductivity is observed. Instead, a small transfer of
spectral weight occurs between the α phonon and the
γ mode. This weight is largely regained by 500 cm−1,
but may extend slightly higher in frequency.
B. Electron-phonon coupling and magnetoelectric
effects
It was noted in a previous optical study of the related
compound Bi2Te3 (Ref. 21) that the lowest-frequency
infrared active phonon, analogous to the α mode at
64 cm−1 in Bi2Se3, displays an oscillator strength 60%
greater than that predicted from a Born-van Karman lat-
tice model. From this it was concluded that polarization
effects must play a large role in the movements of the
VI(2) atoms. Furthermore, it is clear from examination
of the conductivity spectra in Fig. 4(d) that the phonon
lineshape is strongly asymmetric, a signature of electron-
phonon coupling and Fano physics. The Fano lineshape,
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FIG. 8: (a) Integrated spectral weight N(ω) =
∫ ω
0
dν σ1(ν) at
several temperatures in zero magnetic field. Spectral weight
is redistributed over an energy range as high as 4000 cm−1.
Spectral weight magnetic field ratios N(ω,H)/N(ω,0 T) are
also shown for magnetic fields oriented parallel (b) and per-
pendicular (c) to the c axis. Significant redistribution of spec-
tral weight across the far-IR is observed for H ‖ c, while very
little change occurs for H ⊥ c.
ubiquitous across the branches of physics, appears in sys-
tems in which a discrete mode is coupled to a continuum
of excitations.34 Quantum interference between the wave
functions for two transition pathways between the ground
state and an excited state (one directly to a discrete ex-
cited state; the other to the continuum, and then to the
discrete state) results in an asymmetric scattering cross
section. This phenomenon is a common indicator of hy-
bridization between phonons and conduction electrons in
materials with high polarizability.
To better understand this behavior, we have applied
to the data a fitting analysis which models the α phonon
as a Fano resonance of the form
σ1,Fano(ω) =
ω2p,Fano
4piΓ
q2 + 2q− 1
q2(1 + 2)
, (1)
as a function of the reduced energy  = (ω − ωα)/(Γ).
This lineshape is characterized by the center frequency
ωα, linewidth Γ, and plasma frequency ωp,Fano, similar
to a Lorentz oscillator. The Fano parameter q determines
the asymmetry of the resonance, and is a useful measure
of the degree of coupling between the discrete and con-
tinuum modes.35 The Lorentz lineshape is recovered for
|q| → ∞ and the sign of q sets the direction of asym-
metry. All other spectral features, including free-carrier
and interband absorptions, were modeled with classical
Lorentz oscillators. A representative fit for H = 4 T is
compared to the far-IR experimental reflectance data in
Fig. 9(a). The measured lineshape is clearly reproduced
by the Fano functional form. Fitting parameters for the
α phonon and Drude peak are displayed in Table I.
The evolution of the fit parameters for the α and Drude
modes with magnetic field yields insight into the nature
of free electron-lattice coupling in Bi2Se3. Since changes
to the α mode are minimal for H ⊥ c, we will focus on
data for H ‖ c. The most prominent overall effect of mag-
netic field upon the conductivity spectra in Fig. 6(b) is
the increase in the linewidth 1/τDrude of the Drude peak.
This parameter has been extracted from the oscillator fit
and is plotted with triangles in Fig. 9(b). We see that
1/τDrude is constant at low fields, increases sharply for
intermediate fields, and saturates at 30 cm−1 at H =
7 T. The width of the modified phonon (not shown) in-
creases linearly with field over entire range. The asymme-
try parameter q, indicated by squares in Fig. 9(b), scales
with 1/τDrude, including the same plateau features for
H < 3 T and H > 7 T. This correlation suggests that the
strength of coupling between the two modes may increase
as the free-carrier scattering frequency approaches that
of the lattice vibration. The negative value of q indicates
that the phonon is primarily interacting with electronic
absorption at ω > ωα.
36,37 Interactions between the α
mode and γ mode may exist as well, since the latter is
strongly field dependent as well.
Magnetic field-induced modification of the Fano effect
has been observed in several areas of condensed matter
physics; the role of the field in modifying the response is
unique to each system. In experiments involving meso-
scopic coupled-quantum-dot interferometers38 and cou-
pled carbon nanotubes,39 the magnetic field modifies the
Fano interaction via the Aharonov-Bohm effect, adding
an arbitrary phase to one of the transition pathways. In
ultrathin epitaxial semiconductors, application of mag-
netic field tends to symmeterize Fano resonance features
due to Landau-level confinement.40 This is in contrast
to the situation in bulk intrinsic semiconductors, where
Fano resonances are created when magnetoexcitons over-
lap in energy with continuum band states.41
The phonon softening in magnetic field which we ob-
serve is, to the best of our knowledge, unprecedented for a
non-magnetic system that does not undergo a phase tran-
sition. At this point we speculate that the field-induced
phenomena of phonon asymmeterization and band-gap
edge shifting might be related through the mechanism of
magnetostriction. Mechanical deformation with applied
magnetic field is common in systems with enhanced spin-
orbit coupling,42 a defining characteristic of the topolog-
ical insulator class of materials. Magnetostrictive behav-
ior can also be found in more similar systems, such as
elemental bismuth.43 In this latter case the many-valley
nature of the band structure leads to bands with differ-
ing magnetization energies. In a magnetic field, electron-
transfer processes redistribute carriers to minimize the
free energy and a strain is induced. Given that Bi2Se3
shares this many-valley form of the band structure, a
similar mechanism might provide a cohesive explanation
for the simultaneous change in lattice dynamics and shift
of the band edge with magnetic field. Further measure-
ments are necessary to determine if appreciable magne-
7tostriction occurs in Bi2Se3.
Magnetoelectric coupling uncovered by our experi-
ments could further be related to the topological na-
ture of the material. The topological magnetoelec-
tric effect, in which an applied magnetic (electric) field
creates an electric (magnetic) field in the same direc-
tion, is predicted to occur in a nontrivial topological
insulator.9,44 The sensitivity of infrared active phonon
modes to perturbations of local electric fields is well-
known. It has been used to explore collective electronic
modes in cuprate superconductors45 and dielectric effects
for insulators in applied electric field,46 to name several
examples. Based on the dramatic changes to phonon
modes we observe in Bi2Se3, it is clear that the local
electric fields acting on the Bi ions are modified by mag-
netic field. This behavior is consistent with the expected
topological magnetoelectric polarization. The fact that
magnetoelectric effects are only observed for the α mode
when the magnetic field is applied in the direction of the
bismuth displacement provides further support for the
influence of spin-orbit coupling. Nontrivial contributions
to the electromagnetic response may be augmented by
topological states available in the interior of the crystal.
Here defects may reduce coupling between quintuple lay-
ers and effect local decoupling.
C. Assessing relevant magnetic field scales via
comparsion to elemental bismuth
Changes of the optical spectra of Bi2Se3 with mag-
netic field, while informative, are fairly mild. This is
in part due to the small magnitude of the experimen-
tal magnetic field relative to the field scales of the elec-
tronic system. According to magneto-transport measure-
ments at low temperatures, magnetic fields on the order
of 16 T, twice those accessible in the present study, are
sometimes needed to resolve Shubinikov-de Haas (SdH)
oscillations of the Hall coefficient.22 Recently, however,
SdH oscillations have been observed at much lower mag-
netic fields (approximately 3 T).15 Cyclotron absorp-
tion should also conceivably be observed at lower fields.
Given the effective mass determined for H ‖ c from
magnetoabsorption (m∗ = 0.105me)22 or ARPES/SdH
[m∗ = (0.125 − 0.15)me] measurements,15 the cyclotron
frequency should be ωc = eH/2picm
∗ = 50-70 cm−1 at 8
T. Since the free-carrier scattering rate is approximately
1/τDrude = 30 cm−1, the Landau-level effects should be
within the experimental window, yet we do not observe
them in our experiment.
This behavior can be contrasted with that of ele-
mental bismuth, which has much lighter charge carriers
(m∗ = 0.004) and lower carrier density, rendering it more
susceptible to the magnetic field. Indeed, in Bi quantum
oscillations have been observed at fields less than 1 T, and
the quantum limit, the magnetic field at which all carri-
ers reside in the lowest Landau levels, is only 9 T. Figure
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FIG. 9: (a) Representative fit (thick line) of Fano lineshape to
far-IR reflectance data (thin line). Here, T = 6 K andH = 4 T
is applied parallel to the c axis. (b) Fit parameters q (square
symbols) and 1/τDrude (triangle symbols) as a function of
magnetic field. The Fano asymmetry scales with the linewidth
of the Drude conductivity.
10 displays reflectance data for Bi at T = 6 K in mag-
netic fields up to 8 T, just below the quantum limit. Here
we see a dramatic reconstruction of the electromagnetic
response by magnetic field: the sharp plasma edge at
160 cm−1 in zero field has become nearly unrecognizable,
and the low-frequency reflectance is strongly suppressed.
Analysis and comparison of the optical conductivity are
more complicated because the small effective mass pre-
cludes the use of the KK transformation in high magnetic
field. Appropriate magneto-optical fitting analyses have
been successfully carried out in similar systems such as
graphite.47
IV. SUMMARY AND OUTLOOK
We have determined the optical conductivity σˆ(ω) in
magnetic field for the narrow-gap semiconductor Bi2Se3
through a combination of infrared reflectance and UV-
visible ellipsometry. A gap in the conductivity induces
an extensive redistribution of spectral weight over the
mid-IR frequency region. Magnetic fields H ⊥ c en-
8TABLE I: Parameters used for low-frequency oscillators in Fano/Lorentz fit to infrared spectra at T = 6 K, H ‖ c. A
representative fit is shown in Fig. 9.
H (T) ω2p,Drude (10
6 cm−2) 1/τDrude (cm−1) ωα (cm−1) ω2p,Fano (10
5 cm−2) Γ (cm−1) q
0 2.52 22 64.77 5.07 0.76 -12.3
1 2.52 22 64.82 5.16 0.77 -12.2
2 2.52 22 64.80 4.99 0.84 -12.3
3 2.63 24 64.81 5.03 0.88 -11.0
4 2.89 25 64.83 5.00 0.91 -10.1
5 3.28 26 64.83 5.16 1.08 -8.0
6 3.43 28 64.80 5.27 1.14 -6.6
7 3.43 30 64.70 5.60 1.28 -6.7
8 3.33 30 64.48 5.87 1.42 -7.3
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FIG. 10: Infrared reflectance of elemental bismuth in mag-
netic fields oriented parallel to the trigonal c axis. Maximum
measured field is just below the quantum limit of 9 T.
hance the broad electronic absorption in the far-IR, as
well as slightly shift the metallic plasma edge minimum.
For H ‖ c, we have discovered magnetoelectric coupling
by monitoring phonon response: a strong low-frequency
phonon is significantly modified by the field and a Fano
lineshape analysis reveals an interesting scaling between
the phonon asymmetry and the broadening of the Drude
peak.
These observations present two challenges for the un-
derstanding of Bi2Se3. First, the phonon effects ob-
served in magnetic field are highly anomalous, and un-
precedented for a system such as Bi2Se3, which is non-
magnetic and without phase transitions. Such behav-
ior necessitates further investigation of the interplay of
spin-orbit effects prominent in Bi and Bi-based com-
pounds with phonons that are sensitive to local elec-
tric fields. This represents an alternative approach for
monitoring local magnetoelectric effects. Second, the ab-
sence of cyclotron resonance effects is highly unusual.
Based on effective mass values determined in magneto-
oscillation experiments,15,22 cyclotron resonance effects
are expected to be visible in our experimental win-
dow. Future experimental studies will investigate crys-
tals which are closer to the stoichiometric levels in an
attempt to optically probe other expected consequences
of the topological insulator state.
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